We compared the vector competence of an Italian population of Aedes albopictus for two strains of chikungunya virus (CHIKV), with and without E1:A226V mutation, responsible for outbreaks in 2007 in the Emilia Romagna region and 2017 in the Lazio and Calabria regions, respectively. Ae. albopictus showed similar vector competence for both viral strains indicating that E1:A226V mutation is not exclusively responsible for ability of CHIKV to replicate well in this mosquito species.
Over the last decade, Ae. albopictus has been responsible for two large chikungunya virus (CHIKV) outbreaks in Italy, by two different East-Central-South African (ECSA) Indian Ocean lineage (IOL) strains of the virus: the strain with the Ae. albopictus-adaptive E1:A226V mutation (2007 outbreak in Emilia Romagna region) and without this mutation (2017 outbreak in Lazio and Calabria regions) [1] [2] [3] . The aim of our study was to experimentally evaluate and compare the vector competence (VC) of Ae. albopictus mosquitoes for both strains of CHIKV.
Experimental infection of mosquitoes
In the late summer of 2015, a colony of Italian Ae. Albopictus was collected in Scalea town, Calabria region and established in our laboratory [4] . The longestablished colony was subsequently used in the parallel experimental infection with two strains of CHIKV ECSA IOL with and without the E1:A226V mutation (Accession number LT908478 and LS453285, respectively). The CHIKV strains were isolated from biological samples of two patients infected during the Italian outbreaks in 2007 and 2017 and used in the current study after amplification in Vero cells. Oral infection was performed in a BSL3 laboratory where 5 to 8 day-old mosquito females were exposed to an infectious blood meal for 60 min via a membrane feeder apparatus. The apparatus contained the virus stock diluted 1:3 in rabbit blood with a final virus concentration of 6.58 log 10 plaque forming unit (PFU)/mL for CHIKV carrying the mutation (CHIKVE1:A226V) and 6.99 log 10 PFU/mL for the virus lacking the mutation (CHIKVE1).
After the blood meal, fully engorged females were transferred into dedicated cages and maintained on a 10% sucrose solution in a climatic chamber (T = 26 ± 1 °C, 70% RH, 14/10h light/dark cycle) and monitored for 20 days.
A sample of mosquitoes (10 specimens) were individually processed for each viral strain at 0, 3, 14 and 20 days post-exposure (dpe). The viral presence in body, legs plus wings and saliva of the mosquitoes was analysed. CHIKV titre was evaluated with quantitative Real Time PCR using specific primers and probe [1] .
Crossing point values were compared with a standard curve obtained from 10-fold serial dilutions of virus stock whose concentration was estimated by titration on Vero cells and expressed as log 10 PFU/mL. Infection rate (IR) was calculated as the number of positive bodies/total fed females, while the dissemination rate (DR) and transmission rate (TR) were calculated as the number of positive legs plus wings/ positive bodies and the number of positive saliva/ positive bodies, respectively, as previously described [5] . To consider the effective transmission ability of a population of experimentally infected Ae. albopictus, the transmission efficiency (TE) was also calculated as the number of positive saliva/total fed females, as previously reported [6] .
Data were analysed in the GraphPad Prism statistical PC programme (GraphPad Software, San Diego, California, United States) using unpaired t-test. A level of p < 0.05 was considered statistically significant.
Vector competence analysis
The viral titres and the values of IR, DR, and TR, at all collection points, are shown in Figure 1 and Figure  2 . A sample of engorged mosquitoes was analysed immediately after the infectious blood meal (day 0) to verify the ingestion of infectious viral particles. All tested specimens resulted positive with a viral titre of 3.43 ± 0.26 log 10 PFU/mL for CHIKVE1:A226V and 3.86 ± 0.13 log 10 PFU/mL for CHIKVE1 (Figure 1 ). The titre increased progressively in the bodies collected at 3 and 14 dpe for both viral strains. Differences in IR values between the two viral strains were observed only at 3 dpe, but these were not statistically significant (p > 0.05). IR percentages became progressively more similar at two subsequent collection times (Figure 2A ). The extrinsic incubation period (EIP) was very short for both viral strains: viral presence was detected in the saliva starting from 3 dpe for CHIKVE1:A226V and CHIKVE1, with a mean viral titre of 0.94 ± 0.57 log 10 PFU/ mL and 1.08 ± 0.31 log 10 PFU/mL, respectively. The highest viral titre in legs plus wings was detected at 14 dpe for both strains, with a titre of 3.82 ± 0.22 log 10 PFU/ mL (CHIKVE1:A226V) and 3.93 ± 0.45 log 10 PFU/mL (CHIKVE1) (Figure 1 ). The DR values were 100% for CHIKVE1:A226V at each collection time, whereas they ranged from 75% to 100% for CHIKVE1 ( Figure 2B ).
In the saliva samples of both strains, the viral genome was detected already 3 dpe and up to 20 dpe, demonstrating the capacity of Ae. albopictus to maintain active viral replication for a long time (Figure 1) . A constant value of the viral titre was detected from saliva at all collection times. For both CHIKV strains, TR values ranged between 50% and 86% for CHIKVE1:A226V and between 75% and 80% for CHIKVE1 ( Figure 2C ), with differences that were not statistically significant (p > 0.05) between the two viral strains, in all collection times.
In order to assess the overall risk of transmission of the two CHIKV strains by Ae. albopictus, the TE was calculated for the whole time interval in which mosquitoes showed the virus in the saliva (i.e. from 3 to 20 dpe), regardless of the different collection times. Comparable rates were detected: 41% (12/29) of Ae. albopictus infected with CHIKVE1:A226V and 42% (11/26) with CHIKVE1, were able to secrete virus in the saliva.
Discussion and conclusion
The recent emergence and re-emergence of arboviruses such as Zika, yellow fever, and chikungunya, and their recent spread, have generated global concern. Arboviral infections transmitted by mosquitoes are often difficult to diagnose as symptoms are similar to other infectious diseases and can cause clinical complications that can be severe [7] . In August 2017, locally-acquired CHIKV infections occurred in SouthEast France and in Central and South Italy, highlighting the vulnerability of Europe to the transmission of tropical arboviruses [2, 8] .
Both chikungunya outbreaks that occurred in Italy during 2007 and 2017 originated from imported human cases of infection; the first characterised by the E1:A226V mutation and the second by its absence. The two regions affected by the outbreaks had similar environmental and climatic characteristics at the time of the outbreaks: they both consisted of small villages with detached-housing and gardens, summers were warm with temperatures above the seasonal average and there was a local high abundance of Ae. albopictus. Entomological investigations carried out during the outbreaks, highlighted the presence of numerous peridomestic or 'man-made' breeding sites within shady and constantly irrigated private gardens, sites suitable for the development of Ae. albopictus larvae [2] . These, along with a delay in clinical diagnosis of chikungunya infection at the time of the outbreaks, favoured the spread of both viral epidemics.
The first outbreak of chikungunya was caused by a strain carrying the E1:A226V mutation, which is believed to improve the capacity of the virus to replicate in Ae. albopictus [9] . CHIKV strain isolated during the Italian outbreak in 2017 did not carry this mutation. It was for this reason, that we focused our study on the comparison of the VC of Ae. albopictus for the two Italian CHIKV strains, with and without the E1:A226V mutation.
Our results show a comparable VC of Ae. albopictus for both CHIKV strains, with similar IR, DR, TR, and TE: no statistically significant difference was observed between the two strains. These findings, along with the dynamics and the extent of the outbreaks occurring in 2017, highlight that the two viral strains analysed here both infect, disseminate and are transmitted similarly to each other supporting the data previously published [10] . In addition, the viral isolation from mosquito pools collected during the 2017 Italian outbreaks, suggest a high prevalence of CHIKV among circulating mosquito populations. In fact, viral isolation from field collected mosquitoes is usually relatively rare [2, 3] .
The detection of viral particles of both CHIKV strains in the saliva of mosquitoes, starting from 3 dpe, highlighted a very short EIP. In previous investigations, analysis to determine presence of virus in mosquito saliva was limited until 14 dpe [11] [12] [13] , whereas in our study detection was carried out for a further 6 days. This demonstrated the ability of Ae. albopictus to permit CHIKV to replicate for a longer time, prolonging the potential risk of viral transmission during an outbreak. Although the acquired mutation E1:A226V in IOL lineage allowed an increased efficacy of replication and dissemination of CHIKV, and a better viral adaptation in Ae. albopictus mosquitoes [9, 14, 15] , our data demonstrate that this mutation cannot be considered exclusively responsible for the virus's ability to better replicate in Ae. albopictus. Vega-Rua et al. also showed the high VC of Ae. albopictus for the CHIKV without mutation supporting our findings [16] . Another substitution at position E2-211, with a threonine instead of an isoleucine, may increase the infectivity of CHIKV for Ae. albopictus when expressed together with the E1:A226V mutation [17] . Since the CHIKV responsible for the 2017 Italian outbreak does not carry the E1:A226V mutation, it is plausible that there may be more mutations responsible for the high infectivity in Ae. albopictus of this strain. Further studies of genomic analysis should be performed, in order to identify other possible mutations that allow CHIKVE1 to infect this vector mosquito species.
